2,2′:6-2′′-terpyridine) is a biomimetic model of the oxygen-evolving complex of photosystem II with terminal water ligands. When bound to TiO 2 surfaces, 1 is activated by primary oxidants (e.g., Ce Here, we investigate the step 1 f 1 ox as compared to the analogous conversion in an oxomanganese complex without terminal water ligands, the [(bpy) 2 Mn III (µ-O) 2 Mn IV (bpy) 2 ] 3+ complex (2, bpy ) 2,2′-bipyridyl). We characterize the oxidation in terms of free energy calculations of redox potentials and pK a 's as directly compared to cyclic voltammogram measurements. We find that the pK a 's of terminal water ligands depend strongly on the oxidation states of the Mn centers, changing by ∼13 pH units (i.e., from 14 to 1) during the III,IV f IV,IV transition. Furthermore, we find that the oxidation potential of 1 is strongly dependent on pH (in contrast to the pH-independent redox potential of 2) as well as by coordination of Lewis base moieties (e.g., carboxylate groups) that competitively bind to Mn by exchange with terminal water ligands. The reported analysis of ligand binding free energies, pK a 's, and redox potentials indicates that the III,IV f IV,IV oxidation of 1 in the presence of acetate (AcO - 
I. Introduction
Studies of redox transitions in synthetic oxomanganese compounds can provide fundamental insights on analogous redox processes in the oxygen-evolving complex (OEC) of photosystem II (PSII), [1] [2] [3] [4] [5] [6] [7] and in artificial photosynthetic systems based on biomimetic complexes. [8] [9] [10] The main challenge is to gain understanding of 'redox-leveling' processes where proton coupled electron transfer (PCET) leads to the accumulation of multiple oxidizing equivalents over a low range of potential. This paper explores the PCET mechanism associated with the oxidation of the oxomanga- 2 Mn IV ] 4+ of its inorganic core. 8, [11] [12] [13] [14] [15] [16] [17] [18] Several Mn complexes have been proposed as structural models of the OEC of PSII where Mn ions are connected by µ-oxo linkages (i.e., deprotonated water molecules). 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] In addition to complex 1, other Mn dimers were studied, 25, 27, 28 including the mixed valence Mn dimer 2 [(bpy) 2 Mn III (µ-O) 2 Mn IV (bpy) 2 ] 3+ (bpy ) 2,2′-bipyridyl), shown in Figure  2 (originally synthesized by Nyholm and Turco 29 and characterized by X-ray diffraction spectroscopy by Plaksin et al) 30 as well as Mn trimers 26 and tetramers. 22, [31] [32] [33] [34] Oxygen evolution catalyzed by complex 1 has been the subject of several studies. 8, [11] [12] [13] [14] [15] [16] However, the underlying catalytic mechanism and the nature of the reaction intermediates remain only partially understood. 12, 14 It is, therefore, essential to advance our understanding of the reaction pathways, including changes in the protonation states of the ligands and the influence of competitive ligands that affect the redox potentials when binding to Mn.
The computations reported in this paper aim to provide a thorough characterization of the 1 f 1 ox redox state transition, complementing earlier studies on the capabilities of density functional theory (DFT) methods for predictions of redox potentials of transition-metal complexes. 17, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Most of these previous studies investigated functionals based on the generalized gradient approximation (GGA), such as BLYP, 53 BP86, 54 and Perdew-Burke-Ernzerhof (PBE) 55 as well as hybrid functionals (e.g., B3LYP), 56, 57 including studies of oxomanganese complexes. 17, 58 However, the analysis of PCET mechanisms in biomimetic oxomanganese complexes with terminal water ligands has yet to be reported and is addressed in this paper, including the regulatory effect of carboxylate binding on the redox properties of the complex.
In a recent study, we have shown that 1 binds to TiO 2 nanoparticles (NPs) by direct deposition, exchanging a water ligand by the TiO 2 NP. 8 Attachment to NPs with different degrees of crystallinity, including Degussa P25 (∼85% anatase and ∼15% rutile) and synthetic TiO 2 (sintered at 450°C, D450, or without thermal treatment D70) was characterized by electron paramagnetic resonance (EPR), UV-vis spectroscopy, and electrochemistry. In addition, O 2 evolution was observed upon activation of 1 deposited on P25 using Ce 4+ (or oxone in acetate buffer) as a primary oxidant. 8 However, understanding the underlying oxidation process still requires clarification of the nature of the ligation scheme, including the exchange of water by acetate ligands or TiO 2 NP's as well as changes in the protonation states of terminal waters and oxo/hydroxo bridges.
Cyclic voltammograms of 1 deposited on TiO 2 surfaces indicated that the redox activity of 1 was similar to its behavior in solution, 8, 12, 18, 59 including a quasi-reversible redox couple at ∼1 V (P a 1 and P c 1 ) 8 assigned to the 1 T 1 ox conversion and a broad cathodic wave at ca. 850 mV (P c 2 ) due to reduction of the Mn IV tetramer formed by spontaneous dimerization of 1 ox . In this study, we focus on the pH dependence of the redox potential associated with the 1 T1 ox conversion. In addition, we analyze the effect of oxidation on the pK a 's of terminal waters and acetate binding to Mn. The results are compared to the analogous (III,IV) f (IV,IV) transition in complex 2 where there are no water ligands involved. The reported analysis builds upon our recent work on the characterization of the oxidation state transition (III,III) f (III,IV) in 2, as analyzed according to DFT calculations of redox potentials and pK a 's obtained by using the standard thermodynamic cycle formalism applied in conjunction with continuum solvation models. 58 The computational results provided fundamental insight on the mechanism responsible for the pH dependence of redox potentials, as described by the Pourbaix diagrams reported by voltammogram measurements, 25 where the linear dependence of E 1/2 with pH in the range pH ) 3-9 (with a ∼59 mV/pH slope) was consistent with the one-electron one-proton couple [(bpy) 2 Mn
. 58 The agreement between theory and experiments showed that the DFT B3LYP level provided accurate descriptions of the regulatory effect of oxidations on the pK a 's of µ-hydroxo ligands as well as the effect of deprotonation of the bridges on the redox potentials of the metal centers. Here, we extend these earlier studies to explore the role of terminal water ligands in the regulation of redox potentials of complex 1, including the analysis of deprotonation and carboxylate binding on the 1 T 1 ox oxidation state transition. The reported analysis of PCET, coupling oxidation state transitions of Mn and deprotonation of water ligands attached to those metal centers, should provide insights on redox-leveling processes in the OEC of PSII [1] [2] [3] [4] [5] [6] [7] and artificial photosynthetic systems. 11, 14, 60 The paper is organized as follows. Section II outlines the computational methods applied for calculations of pK a 's and redox potentials. Section III presents our computational results and direct comparisons with experimental measurements. Concluding remarks and future research directions are outlined in Section IV.
II. Computational Methods
The methods implemented in this study have already been described in our previous work on oxomanganese complexes. 17, 58 Here, we outline the computational methodology only briefly.
Electronic Structure Calculations. All electronic structures were obtained at the Becke-3-Lee-Yang-Parr (B3LYP) DFT level, 56, 57 using the Jaguar suite of electronic structure programs. Minimum energy configurations of complexes 1 and 2 in the reduced (III,IV) and oxidized (IV,IV) states were obtained in broken symmetry (BS) spin states with R and electronic densities localized on different metal centers. 61, 62 All optimizations involved unrestricted Kohn-Sham wave functions (UB3LYP) and yielded antiferromagnetically coupled high-spin manganese centers. We applied a mixed basis set, including the LACVP basis that accounts for a nonrelativistic description of effective core potentials (ECPs) for the Mn 4+ and Mn 3+ centers, the 6-31G (2df) basis sets including polarization functions for µ-oxo O 2-species, and the 6-31G basis sets for the rest of the atoms. All optimizations were followed by UB3LYP single point energy calculations based on Dunning's correlationconsistent triple-basis set [63] [64] [65] cc-pVTZ(-f), including a double set of polarization functions. Very similar results were also obtained for the cc-pVTZ(-f)++ basis set, as previously reported for other systems.
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Calculations of Standard Potentials. The half-cell standard potentials E 0 for the redox state transitions (III,IV) T (IV,IV) of complexes 1 and 2 were obtained from DFT calculations of free energy changes ∆G(aq) ) -nFE 0 , where n ) 1 is the number of electrons involved in the redox couple and F ) 23.06 kcal mol -1 V -1 is the Faraday constant. Redox potentials were reported relative to the normal hydrogen electrode (NHE), experimentally determined to be 4.43 eV. 66 Therefore, we have subtracted 4.43 V from the absolute potentials to make direct comparisons to cyclic voltammogram data referred to the NHE.
Free Energy Calculations of Standard Potentials. Using the Born-Haber cycle, depicted in Figure 3 , we computed ∆G(aq) ) ∆G(g) + ∆G sol (III,III) -∆G sol (III,IV) from the free energy change ∆G(g) ) ∆H(g) -T∆S(g) due to the redox state transition in the gas phase, where ∆H(g) ) ∆H EA (DFT) + ∆H ZPE + ∆H T was obtained from the DFT electron attachment enthalpies ∆H EA (DFT) in the gas phase, while the changes in the zero point energy ∆H ZPE and the corrections for molecular entropy changes ∆S(g) were based on vibrational frequency calculations.
The solvation free energies ∆G sol (III,IV) and ∆G sol (IV,IV) were computed by using the self-consistent reaction field (SCRF) approach of standard continuum solvation models. 67, 68 All calculations were based on gas-phase geometries employing the dielectric constant of water (ε ) 80.37) for the continuum medium and on a solvent radius of 1.40 Å. Corrections due to hydrogen bonding with solvent molecules and changes in the thermal enthalpy ∆H T were neglected. where ∆G a (g) ) ∆H a (g) -T∆S a (g) is the free energy change due to deprotonation of 1 in the gas phase, and ∆H a (g) ) ∆H a (DFT) + ∆H ZPE + ∆H T is the total enthalpy change obtained from the DFT energy change ∆H a (DFT III. Results Figure 5 shows the free energy diagram for PCET in complex 1 obtained, as described in Section II, from calculations of redox potentials and pK a 's at the DFT B3LYP/cc-pVTZ(-f) level of theory. The diagram shows that the (III,IV) state of complex 1 has terminal water ligands at pH < 13.9, while the oxidized (IV,IV) state spontaneously deprotonates one of its water ligands at pH > 1.2. In addition, the results summarized in Figure 5 show that the (III,IV) f (IV,IV) oxidation of 1 requires only 0.65 . Therefore, by coupling the deprotonation and the oxidation by PCET, the complex can be oxidized at a potential (0.65 + 0.82 -0.059 pH) V lower than 1.4 V and deprotonated at pH < 13.9. In contrast, in the absence of coupling, the water ligand bound to Mn IV deprotonates only at pH g 13.9, and the complex is oxidized only at voltage g1.4 V. In a cyclic voltammogram (CV) measurement, the deprotonation during PCET is driven by the externally applied electric field. Therefore, at pH ) 1.2-13.9, the position of the CV peak accounts for both free energy changes, including the deprotonation of the water ligand and the oxidation of the Mn center, yielding a redox potential that changes linearly by 59 mV per pH unit. Figure 6 , left panel, shows the Pourbaix diagram based on ab initio calculations of pK a 's and redox potentials obtained at the DFT B3LYP/cc-pVTZ(-f) level of theory. These calculations predict the redox potential of 1 for the entire pH range, without relying on any kind of experimental data. The experimental CV measurements ( Figure 6 , right panel) were carried out as described in ref 18 .
The calculations for 1 in aqueous solutions predict a linear dependence of E 1/2 with pH, changing at a rate of 59 mV/ pH within the 1.2 < pH < 13.9 range (Figure 6 , left panel) in agreement with experimental data (Figure 6 , right panel). 18 Beyond this pH range (i.e., at either pH < 1.2 or pH > 13.9), the oxidation of 1 is pH-independent (non-PCET) with the crossover points of pH-independent and -dependent processes defined by the pK a 's of the water ligands in the (III,IV) and (IV,IV) oxidation states. In contrast to the pH-dependent results obtained for complex 1, the calculated redox potential of 2 is constant (E 0 ) 1.36 eV) and pH independent since the oxo bridges in 2 are deprotonated at pH > 2. 58 These results are consistent with the CV data for 2 ( Figure 6 , right panel) which show a reversible one-electron anodic couple at E 1/2 ) 1.34 V (vs NHE), assigned to the oxidation of the III,IV complex to the IV,IV state 19, 71 that is independent of pH. The favorable comparison between theory and experiments, shown in Figure 6 , indicates that the DFT B3LYP/ cc-pVTZ(-f) level of theory provides redox potentials for biomimetic oxomanganese complexes with terminal water molecules that agree with the experimental values within an estimated error of (60 mV, yielding a semiquantitative description of PCET.
In order to investigate the regulatory effect of carboxylate moieties upon competitive binding to Mn by exchange with terminal ligands, we have analyzed the free energy changes due to exchange of water ligands of 1 by acetate. Figure 7 shows that either of the two water ligands (but not both) can spontaneously exchange with acetate, with binding to Mn IV yielding the most stable complex in aqueous solution.
The calculations of binding affinities, shown in Figure 7 , indicate that the predominant species in acetate buffers is [H 2 O(terpy)Mn III (µ-O) 2 Mn IV (terpy)AcO] 2+ . The Pourbaix diagram of such a complex, shown in Figure 6 (left panel, purple dashed line), indicates that the acetate binding stabilizes the oxidized form of the complex throughout the whole pH range, decreasing the redox potential of the IIIfIV transition by as much as 90-220 mV. Figure 8 shows the detailed analysis of the effect of acetate on the underlying PCET mechanism in complex 1, as characterized by calculations of redox potentials and pK a 's at the DFT B3LYP/cc-pVTZ(-f) level. It is shown that acetate binding changes the first pK a of the water ligand from 13.9 to 13.3, in the Mn(III,IV) state and from 1.2 to 2.9 in the Mn(IV,IV) state. Consequently, the pH-range for PCET is shifted from pH ) 1.2-13.9 in the absence of acetate to pH ) 2.9-13.3 with acetate binding. In addition, Figure 8 shows that acetate binding to Mn IV reduces the pH-independent oxidation potentials from 1.40 to 1.18 V at low pH when H 2 O is bound to Mn III and from 0.65 to 0.56 V at high pH when HO -is ligated to Mn III . Therefore, the redox potential of 1 is 1.18 V at pH < 2.9, since the oxidation takes the red pathway in Figure 8 . At pH ) 2.9-13.3, the potential decreases linearly at a rate of 59 mV/pH due to PCET (green path with nonspontaneous deprotonation), while at pH > 13.3 it remains constant at 0.56 V, since there is spontaneous deprotonation and the green path in Figure 8 prevails. The first crossover is defined by the pK a of Mn(IV,IV), the pH at which the red and green pathways are energetically identical. Analogously, the pH of the subsequent crossover point is defined by the pK a value of Mn(III,IV). The complete 2+ + H + + e -, involving PCET in the pH ) 2.9-13.3 range.
Our analysis of the oxidation mechanism of complex 1, as influenced by the protonation states of water terminal ligands and the competitive binding of carboxylate moieties, suggests the following trends that might be common to other oxomanganese complexes: (1) at least one carboxylate moiety per high-valent di-µ-oxo-bridged Mn dimer can exchange with terminal water ligands and bind to Mn; (2) the redox potential of the di-µ-oxo-bridged Mn dimer is typically reduced by 100-200 mV upon carboxylate binding and by 620-750 mV upon deprotonation of a terminal water ligand; and (3) carboxylate binding reduces the pH range for PCET by about 2 pH units. Similar effects due to coordination of carboxylate moieties and deprotonation of water ligands might be expected in the OEC of PSII, where the regulatory mechanism based on PCET is thought to prevent the buildup of charge in the cluster through deprotonation of water/ hydroxo ligands coupled to oxidation state transitions.
The molecular structure of the OEC of PSII remains only partially understood, 7 and several structural models have been proposed, including the '3 + 1 Mn tetramer'.
2,3 Such a model consists of a cuboidal structure of oxo-bridged high-valent Mn ions chelated by terminal water ligands as well as carboxylate and imidazole moieties from the surrounding protein amino acids. The model is partially consistent with mechanistic studies of water oxidation and high-resolution spectroscopy, although the structural and functional roles played by the ligands, including their potential "redox leveling" role during PCET, are yet to be established. The results reported for complex 1 suggest that ligation of carboxylate moieties and deprotonation of water ligands might be responsible for a similar redox leveling processes, leading to redox steps over a narrow range of potential during the accumulation of four oxidizing equivalents in the OEC.
IV. Conclusions
We have shown that the density functional theory (DFT) B3LYP/cc-pVTZ(-f) analysis of redox potentials and pK a 's of oxomanganese complexes with terminal water ligands provides a useful description of proton coupled electron transfer (PCET) at the detailed molecular level as well as a fundamental understanding of the regulatory effect of carboxylate moieties that bind competitively to Mn by exchange with terminal water ligands. The analysis provides understanding on the regulatory effect of oxidation state transitions on the pK a 's of terminal water ligands as well as the effect of deprotonation of water ligands, or exchange by carboxylate moieties, on the redox potentials of the Mn centers.
We conclude that PCET reduces the redox potential of 1 by coupling the deprotonation of the water ligand bound to Mn IV to the oxidation of the Mn III center, yielding oxidation at a potential (0.65 + 0.82 -0.059 pH) V lower than the voltage 1.4 V required in the absence of deprotonation at pH < pK a ) 13.9. In the absence of such coupling, both of these processes are not favorable in the corresponding range of voltage and pH, since the water ligand deprotonates only at pH g 13.9 and the complex is oxidized only at g1.4 V. We conclude that the exchange of water by acetate reduces the redox potential of the III,IV f IV,IV transition by 100-200 mV and the pHrange for PCET by about 2 pH units. Upon acetate binding to Mn . The resulting PCET mechanism thus prevents the accumulation of charge in the complex during the oxidation of the complex even at pH below the pK a of the water ligand.
The observed regulatory effects, due to coordination of carboxylate moieties or deprotonation of water ligands, are expected to be common to PCET in other oxomanganese complexes, including the oxygen-evolving complex (OEC) of photosystem II (PSII) where deprotonation of water/ hydroxo ligands is thought to be crucial to prevent charge buildup during the accumulation of multiple oxidation equivalents in the catalytic site. However, a direct simulation of PCET processes in the OEC of PSII is expected to be more challenging due to the presence of an inhomogeneous protein environment surrounding the metal complex, a problem that might require a combined quantum mechanics/ molecular mechanics (QM/MM) method, as implemented in our previous studies of PSII. [1] [2] [3] [4] [5] [6] [7] The predicted exchange of water by acetate in complex 1 suggests that other Lewis bases could readily exchange with terminal water ligands in oxomanganese complexes and reduce the redox potential of the complex, including buffer moieties commonly used in electrochemical measurements (e.g., phosphate), oxide groups on semiconductor nanoparticles surfaces (e.g., yielding direct deposition of the complex on the surface), or oxide ligands from other complexes that might yield oligomerization. 
